A cushion robot with omnidirectional wheels is developed to support in-room movement of the elderly. Because the cushion robot works in a narrow, complex surrounding, it must accurately follow the target direction to avoid repetitively switching drives and to guarantee user safety. However, the user seated on the cushion robot causes a load change and a shift of the center of gravity (COG) of the whole system, which decreases the path tracking precision. To address this issue, an adaptive controller is designed to enable the cushion robot to accurately follow the target direction. The adaptive law can estimate the load and the position of the COG shift on-line, and can control the system so that it accurately follows a reference path generated to reach the target. Simulations and experiments are executed under the no-load condition and the load condition. The simulation and experimental results demonstrate that this control scheme effectively deals with the load change and the COG shift. Therefore, the cushion robot is reliable and convenient for assisting in-room movement of the elderly.
Introduction
Robots are expected to support the daily life of humans in homes, offices, hospitals, and welfare facilities (1) (2) (3) . Unlike industrial robots working in factories, human support robots work in a narrow, complex surrounding environment and need to contact with human beings (4, 5) . Cushions are regularly used in a tatami room which is normal in Japan. However, when a person sitting on a cushion wants to move from one place to another, he needs to stand up, move to the target, and sit down again, which might lead to a risk of falling especially for the elder. If a cushion is equipped on a robot with high mobility to enable correct orientation to the target location, the robot will be considered more flexible and convenient for supporting human daily life. Using the cushion robot can avoid the repetition of standing up and sitting down thus to improve the safety during indoor movement. Hirose Fukushima Robotics Lab has developed robots named "Vuton" and "VmaxCarrier" with omnidirectional movement ability to move freely in narrow spaces (6, 7) .
The omnidirectional mechanism with four Omni-Discs can ensure smooth turning in any desired direction while keeping the orientation. In the authors` laboratory, a cushion robot which realizes omnidirectional movement with three omnidirectional wheels is being developed to flexibly assist elderly people moving inside a room. Path tracking is one of the challenges in controlling a cushion robot. When a user on the robot intends to move to a target, the robot sometimes deviates from the target direction. The user has to repeat switching the handle to reach the target. The primary reason for the deviation is that when a user moving on the robot, the mass of the whole system, which includes the robot and the user, changes and the center of gravity (COG) also shifts consequently. The load imposed and the COG of the robot are varied when different people use the cushion robot. The robot may collide against obstacles due to its low path tracking accuracy. To prevent this type of dangerous situation, the tracking accuracy of the cushion robot must be improved to move precisely, i.e., the cushion robot needs to accurately follow the reference path generated based on the target direction from the user. Our objective is to control the cushion robot to accurately follow the generated path considering load change and COG shift.
As to robot control, a proportional-integral-derivative (PID) control is broadly applied in all kinds of fields as a conventional control method. PID control does not require the exact values of the plant parameters, because the optimal value of the PID control parameters can be obtained by iterative adjustment, but the parameters of the controller need to be readjusted once the plant parameters change. Compared with PID controller, adaptive control does not need the exact values of the plant parameters and can adapt to parameter uncertainties by measuring and adjusting the parameters automatically, and the stability of the adaptive controller cannot be destroyed by the trial and error. Adaptive control is effective to deal with the problem of unknown inertia matrix in a manipulator system (8) . However, the cushion robot is a nonlinear system whose nonlinearity is caused by the input matrix which changes over time. To address this issue, a nonlinear adaptive controller is designed for the cushion robot. Simulations and experiments are carried out and the results show that a high path tracking accuracy is obtained even when the load on the robot is changed. The remaining parts of the paper are organized as follows. Section 2 describes the design of the structure, the kinematics, and the kinetics analysis of the cushion robot. Section 3 presents an adaptive control strategy to adapt to load change and COG shift. Section 4 shows the simulations and §5 shows the experiments using the proposed method. Section 6 concludes the paper and states possible future research.
Cushion Robot
(a) Appearance of the robot (b) Usage example Photo. 1 Cushion robot TV. With this cushion robot, she needs not prepare several cushions and move between the cushions, which is safer and more convenient. The center C and the COG G of the cushion robot are at the same position due to the symmetrical structure when no user is sitting on the cushion. Using the coordinate system shown in Fig. 1 , a kinematic analysis is carried out. The kinematic equation is shown in Eq. (1) . When a user is sitting on the robot, the kinetic equations are as follows: 
where M is the mass of the cushion robot; m is the mass of the user, which varies from user to user; I is the inertia of mass of the cushion robot; r 0 is the distance from G to G H , which is affected by the sitting position of the user. f 1 , f 2 and f 3 are the driving forces on the three omnidirectional wheels.
In this paper, the simulation model for the cushion robot is based on Eq.(2). As can be seen from this differential equation, the system is nonlinear because direction angle θ changes over time.
Adaptive Controller Design
In this section, by considering the load change and the COG shift caused by the user, we developed a motion control method for the cushion robot based on adaptive control theory (8) . We can summarize the kinetic Eq.(2) in matrix form:
where B , 
where m and r 0 are unknown in the inertia symmetric matrix M 0 . The variable vector X is composed of the position and the orientation angle of the cushion robot. F is the control input vector. The input matrix B describing the relation between the arrangement of the omnidirectional wheels and the orientation angle is variable, since the orientation angle changes over time. The problem is to determine F when M 0 is unknown so that the closed-loop system is stabilized. 
To analyze the closed-loop system stability, the Lyapunov-like function candidate is specified as
where the estimation error α ∆ is generated as 
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substituting the adaptive law Eq. (5) yields .
Since all the signals in the closed-loop system are bounded and e converges to zero as ∞ → t , the designed system is stable. 
Simulations
In this section, path tracking control of the cushion robot is carried out to verify the effectiveness of the proposed control method by simulation. To demonstrate that the adaptive controller can deal with the load change and the COG shift, we perform simulations following a circular path with and without a load.
Simulation Environment
We simulate the proposed adaptive control algorithm using the kinetics model Eq.(3). To thoroughly verify the adaptive method to deal with the COG shift and the load change, and to show the advantage of the omnidirectional wheels, the tracking performance for a circular path with a time-variant orientation angle (varying from 1.57 to 7.85 rad) is simulated. The reference path is described by 
Simulation Results
The parameter estimation, driving force, and tracking performance on the omnidirectional wheels are shown in Fig.3 for m = 0 kg and r 0 = 0.00m, i.e., there is no load change and no COG shift.
In Fig. 3(a) , the horizontal axes indicates the time, and the vertical axes indicates the value of the estimated parameters 1 α , 2 α and 3 α , respectively. We try to adjust the parameters λ , K , and Γ making the estimated parameters 1 α , 2 α and 3 α converge to the true values. The driving forces imposed on the omnidirectional wheels are shown in Fig. 3(b) . In Fig. 3(c) and (d), the horizontal axes indicate the time after the start of the simulation (maximum 60 s), and the vertical axes indicate the x and y positions, respectively. Figure 3 (e) shows the tracking performance of the orientation angle θ. In the figures, the dotted line represents the reference response and the solid line represents the adaptive control response. The triangles show the posture of the cushion robot. In Fig. 3(f) , the response line accurately follows the reference path within 10 s. Figure 4 shows the simulation results for a circular path with m = 40 kg and r 0 = 0.20 m i.e., there are load change and COG shift. The description of the coordinate system is the same with Fig. 3 . Figure 4 (a) shows that the estimated parameters 1 α , 2 α and 3 α converge to 55 kg,
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Vol. 6, No. 5, 2012 747 55 kg and 2.27 kg･m 2 respectively, which are consistent with the true values when we put a 40 kg load which leads to a 0.20 m COG shift. The driving forces f 1 , f 2 and f 3 on the three omnidirectional wheels in Fig. 4 (b) are larger than those in Fig. 3(b) due to the extern load. The x position performance in Fig. 4(c) is similar to that in Fig. 3(c) . Similarly, the y position response in Fig. 4(d) resembles that in Fig. 3(d) . The orientation angle responses in Fig. 4(e) and Fig. 3(e) are almost the same. Finally, the tracking and gradient results illustrated in Fig. 4(f) show that the adaptive controller can successfully track a circular path rapidly and accurately even with load change and COG shift.
In the simulation, we can find that the proposed adaptive controller can successfully deal with the load change and the COG shift due to the adaptive law that can estimate the system parameter on-line. Therefore, it is possible for the cushion robot with the proposed adaptive controller to assist the in-room movement of the elderly. Fig. 5(b) . The results show that when the reference speed is fast the robot cannot follow the path (Fig.  5(a) ), while a good result can still be obtained when the target speed is slow (Fig. 5(b) ). In order to get a good result even when the reference speed is fast, the parameters ( λ , K , and Γ ) are re-adjusted as below, and the simulation result is shown in Fig. 6 . The simulation results suggest that the adaptive controller is not free from the change of parameters a and b in reference path. When the reference path is changed, the parameters of controller need to be re-adjusted.
Experiments
This section shows an experiment in which the cushion robot with the proposed adaptive controller deals with the load change and the COG shift. To show the advantage of our method, we compare it with an experiment using a PID controller.
Experimental Environment
The physical parameters of the cushion robot in the experiments are shown in Table 1 . A camera, which records the real-time position of the robot and feeds these values back to the controller, is installed on the roof. The position includes the x and y positions, and the orientation angle θ . The camera frame rate is 30 fps. OpenCV is used to recognize and output the cushion robot position and posture during the motion control. The movement of the cushion robot is from one point to another point, so a reference path can be generated based on the target direction input by the user with a joystick. Our objective is to control the cushion robot following the generated path. To clarify the performance of the adaptive controller, a load (instead of a user) is put on one side of the cushion robot to reflect the load change and the COG shift.
Once the user inputs a target direction, the cushion robot moves to the direction until the user input a new direction. Suppose the input direction is ϕ . Due to the characteristics of omnidirectional movement, the cushion robot can move in the direction of ϕ , while rotating to the target direction (i.e., ϕ and the robot moved 12s. The system delay is about 1s.
Experimental Results
The experimental results with the proposed adaptive controller are shown in Fig. 7 without load and Fig. 8 with load. The parameters to be determined are In comparison with Fig. 7 , the experimental results with a load on one side of the robot are shown in Fig. 8 and lead to a load change (m = 60.0 kg) and a COG shift (r 0 = 0.2 m). The experimental environment is shown in Fig. 8(a) . The maximum deviation from the reference path is 0.1 m during the experiment as shown in Fig. 8(b) . The parameters 1 α , 2 α and 3 α converge to three new values, because the external load is imposed on the robot, which leads to a load change and a COG shift in Fig. 8(c) . 1 α and 2 α don`t converge to the value of m M + , since the actual system is complex and affected by the experimental environment. We get the same result on 3 α . Figure 8(b) shows almost the same path tracking result as that in Fig. 7(b) . The system also can follow the reference path accurately unless the load is changed and the COG shifts. Figure 9 shows that the proposed adaptive control can follow the target direction with different loads.
In contrast to the adaptive controller, a PID controller is applied to control the cushion robot as shown in Fig. 10 . Figure 10 Figure 10(b) shows the tracking and gradient with the adjusted parameters when an 8.0 kg load is put on one side of the cushion robot. We can find that the cushion robot severely deviates from the reference path. The PID controller cannot deal with the load change and COG shift with fixed parameters. In order get a high precise tracking results, the parameters of the PID controller have to be readjusted.
The adaptive control response can track the reference target rapidly with or without a load. The adaptive controller can adapt to parameter (m and r 0 ) uncertainties and can estimate the system parameter on-line. This control strategy can successfully deal with load change and COG shift in a real control system. Therefore, the cushion robot with the adaptive controller is reliable for assisting the in-room movement of the elderly. welfare facilities. A cushion robot with omnidirectional wheels was proposed to support indoor movement of the elderly. A user seated on the cushion robot leads to a load change and a COG shift of the whole system, which causes a low path tracking accuracy. In this paper, to accurately follow the target direction, an adaptive controller is proposed. Simulation and experimental results suggest that this control scheme is effective in dealing with the load change and the COG shift. Therefore, the cushion robot is reliable and convenient for assisting the in-room movement of the elderly.
In this paper, we dealt with only on two primary reasons for path tracking errors: load change and COG shift. Experimental results demonstrate that the tracking accuracy is improved by the proposed control method.
Equation (2) describes the relationship between the force input and acceleration output. However, some real-world factors, such as frictions in the wheels and specifics of the motors, are not considered. Therefore, equation (2) is a simplified model of the system. We will improve the precision of this model in the future. Furthermore, input saturation, which will affect the stability of system, is also an important realistic problem. In the experiment, since the reference speed was slow and the initial deviation did not exist, the problem of input saturation did not occur by adjusting the control parameters. However, input saturation might occur when the reference speed requires a high input to the actuator. We will design a new controller considering input saturation problem in the future. Future work will also validate the proposed adaptive controller in the actual indoor environment of the elders and improve the control system based on the advice from the user.
